Extended tables are presented for spectroscopic factors, asymptotic normalization coefficients and rms radii of one-nucleon overlap functions for 0p-shell nuclei calculated in the source term approach using shell model wave functions. The tabulated data includes both new results and updates on previously published values. They are compared with recent results obtained in ab initio calculations, and with experimental data, where available. The reduction of spectroscopic factors with respect to traditional shell model values as well as its neutron-proton asymmetry is also discussed.
I. INTRODUCTION
Experimental evidence accumulated over decades of studies shows that cross sections of nucleon removal reactions are smaller than predictions made by reaction theories that use single-particle wave functions and shell model spectroscopic factors (SFs) [1] [2] [3] [4] [5] . This is referred to as reduction of spectroscopic strength and is often interpreted as reduction of spectroscopic factors. Almost all knockout and transfer experiments claim a reduction of the spectroscopic strength by ∼0.55 for stable nuclei (except in Ref. [6] where no reduction is seen for standard neutron potential well parametrization). However, the reduction of spectroscopic strength in neutronor proton-rich nuclei is controversial: knockout experiments show evidence of asymmetry in removing a weakly bound neutron (proton) and a deeply bound proton (neutron) from the same target [4, 7, 8] while transfer experiments claim limited neutron-proton asymmetry in SFs reduction [5, 9, 10] .
The reduction of spectroscopic strength is backed by ab initio calculations within Green function Monte Carlo (GFMC) [11] , variational Monte Carlo (VMC) [11] [12] [13] , no-core shell model (NCSM) [12] , coupled-cluster method (CCM) [14] , and self-consistent Green's function method (SCGFM) [10, 15, 16] . These methods predict smaller spectroscopic factors than either the independent particle model (IPM) or the traditional shell model does. They also show neutronproton asymmetry in deviation of spectroscopic factors from IPM or from the shell model which is, however, not as large as the one observed in knockout experiments but can be larger than the one claimed by transfer reactions studies.
Whether the experimental and/or predicted SFs should be compared to the shell model ones needs further clarification. The shell model spectroscopic factors are calculated from the wave functions P obtained in a restricted model space P usually given by 0hω. P are obtained from Hamiltonians H P P that contain effective rather than realistic NN interactions, as required by the missing model spaces Q. The missing model spaces also require renormalization of any other operators sandwiched by P . Such a renormalization is made, for example, for electromagnetic operators by using effective charges. However, no renormalization is ever made when spectroscopic factors are calculated by widely used shell model codes such as OXBASH, NUSHELL, or ANTOIN. Therefore, it is not surprising that the shell model spectroscopic factors obtained in this way differ either from those obtained in more advanced ab initio approaches involving much larger model spaces or from the experimental values.
It has been shown that the easiest way to include missing shell model spaces into the calculation of the overlap functions is to solve the inhomogeneous equation they satisfy [17] [18] [19] [20] . The source term for this equation can be calculated using P . Then a proper choice of the effective interaction between the removed nucleon and the nucleons of the daughter nucleus will account for the missing model spaces Q. The resulting spectroscopic factors calculated as norms of the overlap functions are more suitable for comparison with results from other approaches and with experimental data.
Whether the experimental determination of spectroscopic factors is really possible deserves a further comment. It has been shown in Ref. [21] that spectroscopic factors are not invariant under finite-range unitary transformations and, therefore, are not observables. The exact reaction amplitudes are not parametrized in terms of the spectroscopic factors and nuclear reactions in the exact approach cannot provide a tool to determine spectroscopic factor. In practice, the spectroscopic factors are found on the assumption that the radial part of the overlap is known, which is not always true. On the contrary, asymptotic normalization coefficients (ANCs), which are the amplitudes of the asymptotic tails of the overlap functions [22] , are invariant under finite-range unitary transformations and thus can be observable [21] . The source term approach (STA) of [18, 20] easily predicts ANCs that can be directly compared to experimental values where available.
This paper updates available knowledge on spectroscopic factors and ANCs for 0p-shell nuclei. The necessity of such an update follows from a growing number of one-nucleon removal experiments, performed in the last few years since the publication of STA results for SFs and ANCs in [17, 18] , and from more ab initio results for overlap functions published over the same period. Also, some inaccuracies have been noticed in the previous publication of ANCs and SFs in [17, 18] that originate from errors in calculating the contributions from noncentral components of the NN interactions. These inaccuracies as well as misprints are corrected in the present paper and the tables of SFs and ANCs are significantly extended to cover the cases of recent experimental and theoretical interest. Section II reviews the STA formalism and provides the updated values of ANCs, SFs, and rms radii of the overlap integrals. It also points at neutron-proton asymmetry in SF reduction from the original shell model calculations. The ANCs and spectroscopic factors from STA are compared with the calculations of ab initio approaches and with experimental data in Secs. III and IV, respectively. The conclusions are given in Sec. V and new analytical expressions for the STA two-body matrix elements are presented in the Appendix.
II. OVERLAP FUNCTIONS IN THE SOURCE TERM APPROACH
The radial overlap function I lj (r) with orbital momentum l and angular momentum j is defined as an overlap integral between the wave functions J B and J A of two neighboring nuclei B = A−1 and A with the total spin J B and J A :
Here the integration is carried out over 3A−6 independent coordinates describing the internal structure of nucleus B, r is the distance between the center of mass of B and the removed nucleon, Y l is the spherical function and χ τ 1/2 is the spin-isospin function of the removed nucleon with isospin projection τ . The coefficient A 1/2 comes from antisymmetrization. The spectroscopic factor S lj is the norm of I lj (r):
At r → ∞, the overlap I lj (r) has the well-known form
where C lj is the ANC, W is the Whittaker function, η = Z B Z N e 2 μ/h 2 κ, Z B and Z N are the charge of B, and the removed nucleon N , respectively, κ = (2με/h 2 ) 1/2 , ε = E A − E B , E A and E B are the binding energies of nuclei A and B, respectively, and μ is the reduced mass.
In the STA, the overlap function is obtained as the solution
of the inhomogeneous equation (T l + V 0 c + ε)I lj (r) = −U lj (r) with the source term U lj (r) [17, 18, 20] . In Eq. (4) the integration over r is implied and G l (r, r ) is the Green's function for a bound nucleon in the field of a point charge Z B ,
corresponding to the momentum iκ. Here F is the regular Coulomb function. Also,V = (4) but in which the function G l (r, r )/(rr ) and the integration over r is absent. Equation (4) generates an I lj (r) which automatically has the correct asymptotic shape when the experimental value of ε is used, whatever J A and J B are. Following Refs. [17, 18, 20] , these functions are represented by the harmonic oscillator wave functions with the oscillator radius derived from electron scattering in Ref. [23] . The wrong tails of the oscillator wave functions are not important since, due to the short range of the NN interaction, they do not give any noticeable contribution to the source term.
The matrix elements in Eq. (4) were calculated using J A and J B obtained in the 0hω space with effective NN interactions from [24] . The effective interaction v eff iA of the removed nucleon with the nucleons in B to be used in Eq. (4) has been taken from Ref. [25] as the M3Y interaction that fits the oscillator matrix elements obtained from NN scattering data in [26] . Unlike in [18] , where the calculations were done in the supermultiplet scheme, the present calculations were performed within the M-scheme using the formalism of Ref. [19] . New expressions for two-body matrix elements were derived (see Appendix) which significantly accelerate calculations.
The SFs, ANCs, and the rms radii of the overlap functions obtained in the new STA calculations are shown in Table I Fig. 1 as a function of difference S of neutron and proton separation energies S p −S n or S n −S p . The ratios R corresponding to removal of proton and neutron from the same nucleus are joined together by a dashed line. The slope of this line indicates neutron-proton asymmetry of the reduction of the STA spectroscopic factors with respect to the traditional shell model ones. For all N = Z nuclei the slopes are rather similar, except for 15 N, 11 B, and 7 Li. They are larger than that predicted in other theoretical approaches, larger than that claimed by transfer experiments but smaller than the ones seen in knockout experiments. The largest asymmetry, about 70%, is obtained for 14 O, while for symmetrical N = Z nuclei it is rather small, being 2-5 %. As explained in [18] , the S behavior of S STA /S DE originates due to the energy dependence (via κ) of the Green's function in Eq. (1).
From Table I it is seen that in most cases the STA spectroscopic factors are smaller than the corresponding shell model ones. Exceptions are the j = 1/2 component of the overlap between the wave functions of the 1 + state in 14 N and the wave functions of the 3/2 − states in 13 O, 15 N, and 15 O. These overlaps are particularly sensitive to the shape of the tensor part of the source term and to its interference with the contribution from the spin-orbit force. Such a sensitivity can be used in the future to better tune the effective interactions in the STA.
III. ASYMPTOTIC NORMALIZATION COEFFICIENTS: COMPARISON TO EXPERIMENT AND TO CALCULATIONS FROM ab initio METHODS
The ANCs, being matrix elements of the virtual decay operator [22] , are observable quantities [21] . They can be 13 O reaction [34] . m SCGF calculations from Ref. [10] . n CCM calculations from Ref. [14] .
deduced directly from the peripheral reactions cross sections. Transfer reactions are most frequently used for these purposes. The compilation of experimental ANCs squared C 2 exp for 0p-shell nuclei is available in Ref. [18] with a detailed discussion of their uncertainties and further referencing. The C 2 exp values with the errors that cover all possible experimental values, summarized in [18] , are shown in Table I 10 B agree within the error bars with earlier determinations in Refs. [29, 35] while the new proton ANCs for 10 B and 13 N are smaller than the values deduced previously in Refs. [36, 37] . The ratio of C Ab initio approaches rarely give ANCs. To provide ANCs these methods should be able to get converged I lj (r) at large r with correct decay constant. This is very difficult to achieve because such calculations require large model spaces to which the total binding energies are not sensitive. For A 7, the ab initio GFMC calculations for I lj (r) are available up to r ∼ 6 fm where the asymptotic behavior is mostly achieved and the nucleon separation energies are reproduced so that the ANCs can be determined with a reasonable accuracy [11] . Another ab initio method, VMC, does not reproduce separation energies correctly and it does not predict any definite behavior of I lj (r) at large r [28] . The ANCs can be recovered in VMC only from potential model calculations that fit I lj (r) inside the nuclear region [13] but such ANCs are not very accurate since small changes in I lj (r) within statistical VMC errors at small r can give noticeable uncertainties at large r. The VMC can be used, however, to generate ANCs in the source term calculations as is done in Ref. [38] . Otherwise, to guarantee the correct asymptotic behavior of I lj (r), R-matrix ideas should be used. At present, only one example of the R-matrix calculations of ANCs that uses ab initio wave function of the core is known: this is the ANC calculation for 8 B obtained within the NCSM combined with the R-matrix approach [39] . Other microscopic cluster model R-matrix calculations, for example in [40] , use simplified models of clusters' internal wave functions and overpredict ANCs with the NN potentials well adapted for such calculations [41] .
The ANCs obtained within the shell model (SM) STA are compared to the GFMC [11] and VMC-STA [38] calculations in Table II as well as to the C 2 exp values. The SM-STA C 2 values are always smaller than the results from other approaches. For weakly bound nuclei such as 8 Li, 8 B, 9 Li, and 9 C the difference between the SM-STA, VMC-STA, and NCSM values of C 2 does not exceed 25% [except for 9 Li(3/2 values for 7 Li and 7 Be favour the SM-STA values. It is also possible that the experimental cross sections used to deduce C 2 exp for these nuclei are strongly influenced by the cluster degrees of freedom which are not explicitly taken into account in the analysis of transfer reaction data. 
IV. SPECTROSCOPIC FACTORS: EXPERIMENTAL STATUS AND COMPARISON TO ab initio APPROACHES
Although, strictly speaking, the spectroscopic factors are not observables since they are not invariant amplitudes of any description [21] , in reality they can be calculated from the overlap integrals that best fit experimental cross sections. The (e, e p) reactions are best suited for this purpose as their momentum distributions are related to Fourier transforms of I lj (r) distorted by the final state interactions. The overlaps I lj (r) can be always modelled by two-body potential well calculations with the parameters fitted to reproduce the (e, e p) cross sections. For 0p-shell nuclei such phenomenological overlaps are available for two nuclei: 12 2 ) are about 70% larger than the ones from (e, e p) but this is related to the interference between the shell model configurations rather than uncertainties in v eff iA . The situation with 7 Li(e, e p) 6 He is less clear. On the one hand, momentum distribution of this reaction calculated with the VMC overlap function with S VMC = 0.44 reproduce the observed ones [42] . However, the inclusive 9 Be( 7 Li, 6 He) proton knockout cross section, calculated in the eikonal reaction model using the same VMC overlap function [13] , is twice the experimental one. Renormalization of the VMC overlap to fit the knockout data would give the spectroscopic factor of 0.22, which is not far away from the STA prediction of 0.28. The need of large renormalization of the calculated knockout cross sections can be explained by the lack of appropriate treatment of the weak binding in 6 He. However, the weak binding in 6 He has not been taken into account in the final state of the (e, e p) reaction as well, which could influence the interpretation of this reaction.
The proton knockout cross sections for other light nuclei calculated in the eikonal model with VMC overlaps also need to be renormalized by a factor R shown in Table III together with the product RS VMC . The knockout cross sections are mostly determined by the product of spectroscopic factor and the rms radius of the overlap function [13] . Therefore, to estimate a possible outcome of the eikonal calculations with the STA overlap the ratio R r = ( r 2 STA / r 2 VMC ) 1/2 times S STA is compared to RS VMC in Table III . This comparison suggests that the eikonal model with the STA overlap would reproduce the experimental knockout cross sections for 7 Li and 10 C but would give smaller cross sections for proton knockout from 9 Li, 9 Be and for neutron knockout from 10 Be, while for proton knockout from 10 Be these cross sections will be larger than the experimental ones.
Apart from nucleon knockout, the nucleon transfer reactions are always quoted as a good source of experimental spectroscopic factors. However, the transfer cross sections are often sensitive only to the peripheral part of I lj (r) which makes them a good source of ANCs rather than SFs. In the previous publication [18] , the STA spectroscopic factors were compared to the renormalization factors obtained from (d, p) and (p, d) reactions analyzed in Ref. [3] within the adiabatic Johnson-Tandy theory [43] using single-particle wave functions from Hartree-Fock calculations. However, recently it became clear that the correction for nonlocality by a simple modification of the deuteron distortion waves in the nuclear interior, made in [3] , has been not justified [44] . Moreover, it has been shown recently that proper treatment of non-locality of nucleon optical potentials may significantly change the interpretation of the (d, p) and (p, d) data [44] both TABLE III. Renormalization factor R that lowers the eikonal model knockout cross sections down to measured ones [13] , the VMC spectroscopic factor renormalized by R in comparison with the STA spectroscopic factor S STA and the STA spectroscopic factor renormalized by R r = ( r for absolute and relative spectroscopic factors [45] . Therefore, no comparison to renormalization factors obtained in transfer reactions and called spectroscopic factors is done in present work. A better understanding of transfer reaction theory is needed for these purposes.
V. CONCLUSIONS
In the present paper, nearly 30 new ANCs, spectroscopic factors and rms radii of overlap functions for 0p-shell nuclei are tabulated while the results from previous calculations [18] are updated. These quantities have been calculated within the STA in which the missing subspaces are taken into account via phenomenological effective interactions of the removed nucleon with the nucleons from residual nucleus. These calculations confirm the reduction of spectroscopic factors with respect to those calculated using the standard approach that involves overlapping shell model wave functions defined in a restricted model space. Significant neutron-proton asymmetry in spectroscopic factor reduction for proton and neutron removal is also predicted for N = Z nuclei.
The STA spectroscopic factors are smaller than those calculated in ab initio approaches such as VMC, GFMC, SCGFM, and CCM. The ANCs from STA are also smaller than those available from VMC, GFMC, and NCSM calculations. Comparison with experimental data suggests that STA gives reasonable predictions of those quantities for many cases. However, it should be kept in mind that experimental values are often strongly influenced by uncertainties of the reaction model and that sometimes different values are obtained for the same quantities from different reactions. This urges further development of reaction theory aimed to extract properties of the overlap functions from nucleon removal reactions.
